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§Department of Mechanical Engineering, Chinese Cultural University, Taipei, Taiwan, Republic of ChinaABSTRACT While major contributors to the free energy of RNA tertiary structures such as basepairing, base-stacking, and
charge and counterion interactions have been studied extensively, little is known about the intrinsic free energy of the backbone.
To assess the magnitude of the entropic strains along the phosphate backbone and their impact on the folding free energy, we
have formulated a mathematical treatment for computing the volume of the main-chain torsion-angle conformation space
between every pair of nucleobases along any sequence to compute the corresponding backbone entropy. To validate this
method, we have compared the computed conformational entropies against a statistical free energy analysis of structures in
the crystallographic database from several-thousand backbone conformations between nearest-neighbor nucleobases as
well as against extensive computer simulations. Using this calculation, we analyzed the backbone entropy of several ribozymes
and riboswitches and found that their entropic strains are highly localized along their sequences. The total entropic penalty due
to steric congestions in the backbone for the native fold can be as high as 2.4 cal/K/mol per nucleotide for these medium and
large RNAs, producing a contribution to the overall free energy of up to 0.72 kcal/mol per nucleotide. For these RNAs, we found
that low-entropy high-strain residues are predominantly located at loops with tight turns and at tertiary interaction platforms with
unusual structural motifs.INTRODUCTIONThe free energy of RNA structures is dictated by many fac-
tors. Among these, the most studied are 1), interactions
among the nucleobases within the structure (either through
base-stacking or basepairing, canonical or noncanonical)
and 2), the electrostatic interactions at play among charged
groups (phosphate backbone, counterions, and the 20 hy-
droxyls). These two factors are known to be key structural
determinants in RNAs. Much less understood and less stud-
ied is the intrinsic contribution of the phosphate backbone
to the overall free energy of the RNA fold. Outside of its
involvement in the electrostatics, the main chain is often
viewed as a mere necessity for providing connectivity be-
tween adjacent nucleosides through their sugars, but unclear
otherwise in its impact on the overall free energy of the
RNA. The intrinsic free energy of the phosphate backbone
has remained largely unexplored.
Detailed information on the various rotameric states of
the RNA phosphate backbone (1,2) is available from the
crystallographic database, but a quantitative assessment
of the conformational flexibility of the backbone has not
been available. Because the motions of the main chain
are derived primarily from torsional angles, the require-
ment that the backbone maintains bond integrity with its
bond lengths and angles largely conserved, renders the
problem of enumerating the backbone conformations a
mathematically challenging problem. Exhaustive samplingSubmitted August 16, 2013, and accepted for publication February 12,
2014.
*Correspondence: cmak@usc.edu
Editor: Nathan Baker.
 2014 by the Biophysical Society
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simulations, on the other hand, has also proven to be
nontrivial (3). The quantification of the entropy of the
phosphate backbone has remained a largely open problem
(4–6).
When an RNA molecule forms secondary structures, it
loses degrees of freedom. For example, for a strand to
fold into a hairpin with basepairing between the 50 and 30
ends, the number of possible chain conformations is
reduced. This kind of free energy cost associated with
folding has been studied previously, and forms a large
part of the theoretical basis of RNA secondary structure
prediction (7,8).
In this article, we address a different entropy question
concerning the backbone: If an RNA molecule forms two
global folds with similar secondary structure contents and
similar degrees of compactness, can one fold have an
entropic advantage over the other because its phosphate
backbone is, in some sense, less entropically strained?
Equivalently, we can ask how much entropic penalty
would an RNA incur if it is to fold into a tertiary structure
requiring specific conformational contortions along the
backbone?
These questions are concerned with the loss of conforma-
tional freedom on a local scale along the sequence and they
relate to the general flexibility of the phosphate backbone.
In this article, we report a complete mathematical solu-
tion to the phosphate backbone conformation problem
and employ it to investigate the intrinsic contributions of
the backbone conformational entropy to the overall folding
free energy of RNAs. The conformational entropy ishttp://dx.doi.org/10.1016/j.bpj.2014.02.015
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conformation states given the constraints that enforce chain
connectivity. To establish an unambiguous assessment of the
backbone free energy separately from other factors such as
base-base interactions, we define the constraints via the po-
sitions of the nucleobases along the sequence and calculate
the backbone entropy as the logarithm of the total conforma-
tion space volume available to the backbone consistent with
these constraints. We treat the C10-N bonds on the bases as
the dividing line between the main chain and the side chain.
On the side-chain side, if the positions of the bases are spec-
ified, given the coordinates of the nitrogen (N1 on a pyrim-
idine or N9 on a purine) and the C10 atom on two adjacent
nucleobases, the methods reported in this article provide a
complete measure for the volume of the torsion angle space
within which accessible backbone conformations between
the two bases are supported. In addition to this, we can
also account for collisions among the main-chain atoms
between the two nucleobases to compute the amount of
conformational space that is excluded by steric overlaps.
Using all of this information, we can then accurately assess
the entropic contribution of the phosphate backbone to the
overall free energy.
This work is motivated by our desire to develop an atom-
istically accurate free-energy model for RNAs. For this
purpose, the C10-N bond on each nucleobase along the
sequence plays functionally important roles, and this is
illustrated in Fig. 1 A for two adjacent bases where the
gray dashed line suggests a logical divide between back-
bone and side chain. On the side-chain side, the positions
of the two C10-N bonds together with the rotation angles
of the base planes around their C10-N axes completelyA
C
B
C10-N.N-C10 virtual torsion angle u. These four variables are collectively
and their significance in the context of the mathematical treatment. To see thi
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and the special significance of the C10-N bonds in this
context have been recognized previously (9–11). On the
backbone side, the free energy of the main chain between
two adjacent bases is controlled by the volume of the
accessible backbone conformational space available be-
tween the two C10 atoms. Because the intervening bond
lengths and bond angles must be preserved, only a limited
number of combinations of backbone torsion angles for
which chain connectivity can be maintained exist, and
solving for these combinations then defines the accessible
conformation space volume and hence the main-chain
conformational entropy. The special significance of the po-
sitions of the C10-N bond in this context is highlighted in
Fig. 1 B, in which a twisted ribbon connecting these C10-
N bonds is used to pictorially represent the divide between
main chain and side chain.
To validate our mathematical treatment of the backbone
entropy, we have compared the conformational entropies
of several thousand nucleotide pairs sampled from the crys-
tallographic database against a statistical analysis of their
C10-N.N-C10 geometries. To further test the calculations,
exhaustive Monte Carlo simulations of short RNA strands
with modified base-base interactions were also performed
and compared against the analytical results. Using this en-
tropy calculation, we then analyzed several medium to large
RNA structures (ribozymes, riboswitches, and the ribo-
some) to compute their backbone free energies. Comparing
the positions of low-entropy high-strain residues to the over-
all tertiary structure provides a correlation of backbone
entropy to particular tertiary conformational features and
specific structural motifs.FIGURE 1 (A) The C10-N (N1 on a pyrimidine
or N9 on a purine) bonds of two adjacent nucleo-
bases along an RNA sequence define the separation
between the side chain and the backbone. On the
main-chain side, chain connectivity between the
two ribose rings is maintained by the phosphate
backbone. The entropic degrees of freedom on the
backbone are predominantly derived from torsion-
angle motions. Given the positions of the C10 and
N atoms on each base, there are four additional
free variables, corresponding to the O40-C10-C20-
C30 torsion angles (nL and nR) and the O40-C10-
N.N virtual torsion angles (jL and jR) for
which unique chain closure solutions are possible
using the native bond lengths and bond angles
along the phosphate backbone. The backbone
entropy between the two bases is therefore
related to the volume of the total accessible
conformation volume in {jL,jR,yL,yR} space
available to the main chain between the two
bases. (B) Four parameters completely specify
the geometry of the two adjacent C10-N bonds:
the N.N distance r, the C10-N.N virtual bond
angle h, the N.N-C10 angle q, and the
denoted ‘‘RETO’’. (C) A pictorial representation of the C10-N bonds
s figure in color, go online.
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For each pair of adjacent nucleobases, the relative positions of their C10-
N.N-C10 atoms are specified by six internal coordinates. In addition to
the two C1-N bond lengths, which are largely conserved, four of these
are variable: the N.N virtual bond length, the (50)C10-N.N virtual
bond angle, the N.N-(30)C10 virtual bond angles, and the C10-N.N-C10
virtual torsion angle. These four variables are illustrated in Fig. 1 C for
two adjacent C10-N bonds. We denote these four variables {r,h,q,u} and
will refer to them collectively as the ‘‘RETO coordinates’’. For every pair
of adjacent C10-N.N-C10 RETO geometry, and by employing the native
geometries of the two ribose rings with their specific bond lengths and an-
gles, as well as the native bond lengths and bond angles in the connecting
PO4 group, unique solutions for all the backbone torsion angles can be ob-
tained if the O40-C10-N.N virtual torsion angles (jL and jR in Fig. 1 A) as
well as the O40-C10-C20-C30 torsion angle (nL and nR in Fig. 1 A) of each
ribose are specified. Given each C10-N.N-C10 RETO geometry, the total
volume U of the accessible regions in the {jL,jR,nL,nR} space then defines
the conformational entropy S of the backbone between the two bases ac-
cording to the standard Boltzmann formula S ¼ RlnU, where R is the gas
constant. The value U, and therefore S, for each adjacent pair of nucleo-
bases, are thus functions of their C10-N.N-C10 RETO coordinates
(r,h,q,u).Backbone closure
Given the C10-N.N-C10 RETO variables {r,h,q,u} between two adjacent
nucleobases on the sequence, the backbone entropy calculation begins
with the mathematical solution of the chain-closure problem (12–15).
There are variations in how this problem is handled, but all of them essen-
tially employ the mathematics of inverse kinematics to solve for the back-
bone torsion angles capable of maintaining bond connectivities along the
backbone given the native bond lengths and bond angles in the intervening
molecular structure. Our approach is based on a two-step procedure
(see Fig. 2):
1. For each of the sugars, we can completely define its ring geometry given
one input parameter, the n1 torsion angle shown in Fig. 2 A. This torsion
angle is denoted in Fig. 1 A as nL for the sugar on the 5
0 and nR on the 30
side. The closure solution for each sugar is illustrated in Fig. 2 A. With
the plane containing the O40, C10, and C20 atoms as the reference, n1 then
specifies the out-of-plane dihedral angle between the C30 atom and the
reference plane and thus the position of C30 uniquely. The ring is closed
by solving for the position(s) of C40 defined by the dihedral angles C20-
C10-O40-C40 denoted t in Fig. 2 A. The proper solutions for t are those
that produce the correct C40-C30 bond distance. This kind of kinematic
closure is referred to as an ‘‘RSSR problem’’ in robotics and its solution
is well known (16,17). Note that in this step all native bond lengths and
bond angles are preserved, except for O40-C40-C30 and C40-C40-C20
(indicated by dashes in Fig. 2 A). The general solution of this part of
the closure problem has two discrete solutions (or roots) for t given
each n1. The feasibility domain for n1 is bounded by the two values5n1*
where the two solutions for t collapses into one root (i.e., a double root).A B
FIGURE 2 Illustration of the two-step mathematical solution to the
chain-closure problem. See the main text for details. To see this figure in
color, go online.The same procedure is carried out for each ribose separately. The
solutions to the ribose-ring closure problem correspond physically to
different puckering geometries.
2. With the ribose closure solutions defined in Step 1 for the two sugars, nL
and nR in Fig. 1 A are specified and the ribose rings can be affixed onto
the 4-atom C10-N.N-C10 frame with its given RETO geometry. This is
illustrated in Fig. 2 B. The second part of the closure problem is to
append the O-P-O group onto the backbone to bridge the O30 on the
left sugar with the C50 on the right sugar. To find the solution, the
O40-C10-N.N virtual torsion on the left (denoted jL in Fig. 2 B) and
the N.N-C10-O40 virtual torsion angle on the right (jR) must first be
specified. With these and the ribose solutions defined above, the posi-
tions of all atoms shown in Fig. 2 B on the 50 side up to the O30 are fixed
and all atoms on the 30 side from the C50 onward are also fixed. The
variable g-torsion angle on the right shown in Fig. 2 B then defines
the position of the O50 atom on the 50 side. Given fixed bond lengths
and bond angle in the O-P-O fragment, the distance between the two
phosphate oxygens, indicated by the thick dashed line in Fig. 2 B, is
a constant. Solving for the values of g that produces the correct
O.O distance is another RSSR problem, which can be solved analo-
gously as the ribose closure, giving rise to a maximum of two roots.
Once the proper solution for g is found, the C30-O-P bond angle
constraint is finally met by rotating the P atom around the O.O axis
to produce the correct angle, producing again a maximum of two
possible solutions. Combining these, a maximum of four solutions for
this part of the closure problem presents itself. Note that all bond
lengths and bond angles along the backbone starting from C50 on the
50 side through O30 on the 30 side, including C40, C30, O30, P, O50,
C50, C40, and C30, are preserved, except for the P-O50-C50 bond angle
(indicated by dashes in Fig. 2 B).
To summarize, given the RETO variables {r,h,q,u} between two adjacent
nucleobases and after specifying the {jL,jR,nL,nR} angles as inputs, the
procedure described above produces up to 16 possible discrete solutions
for the closure of the backbone, preserving all bond lengths and bond angles
except for the three angles marked by dashes in Fig. 2.Computation of backbone conformation space
volumes
Given the RETO variables {r,h,q,u}between two adjacent nucleobases on
the sequence, the volume of the domain in {jL,jR,nL,nR} space within
which a root can be found for the chain-closure problem defined in the
last section characterizes the entropy of the backbone between these
two nucleobases. A sum must be carried over the domains associated
with each of the roots (up to a maximum of 16) to calculate the total
conformational volume U(r,h,q,u), which is a function of the RETO
variables.
Several examples of these feasibility domains are shown in Fig. 3.
Because we cannot plot in more than three dimensions, the graphs in
Fig. 3 portray the subdomain boundaries in {jL,jR,nR} given their RETO
variables {r,h,q,u} as input and a certain nL angle. The feasibility domains
are, in general, multipally connected and highly convoluted regions in four-
dimensional hyperspace.
Even though the chain-closure solution can be performed analytically,
the algebra is sufficiently complicated that it has to be carried out numer-
ically. To do this, we placed the {r,h,q,u} covering domain on a regular
grid of 1,440,000 points and evaluated the conformational volume U for
each point numerically following the two-step procedure above. Because
there are minor variations in the backbone geometries (bond lengths and
bond angles of the ribose rings as well as the connecting phosphates),
we have typically used 10 random sets of geometric parameters sampled
from the Protein Data Bank (PDB) to solve the chain closure problem
for each grid point (r,h,q,u) and averaged U over them. However, in gen-
eral, we found that the 10 different geometries usually generate veryBiophysical Journal 106(7) 1497–1507
AC D
B
FIGURE 3 Examples of some feasibility subdomains for the backbone entropic degrees of freedom in {jL,jR,yR} space for a few RETO geometries and
given yL value. These are the domains within which the specific combinations (jL,jR,yL,yR) support a root. These domains are generally convoluted and
multipally connected. Smaller total domain volume corresponds to low entropy C10-N.N-C10 RETO geometries. In these four examples, panel C has
the smallest conformational space volume. To see this figure in color, go online.
1500 Mak et al.consistent measures for U, suggesting that the ribose and backbone bond
lengths and bond angles are (as expected) highly conserved across many
different RNAs.Excluded volume in backbone conformation
space due to main-chain steric collisions
The procedure above defines the total feasible conformation volume U for
the backbone from the closure solutions, but it gives no consideration to
possible steric collisions among the main-chain atoms between the two
adjacent C10-N bonds. To correctly compute the backbone entropy, we
must exclude these sterically inaccessible volumes fromU. These collisions
arise from possible steric contacts between any non-hydrogen atom (C50 to
O30) on the 50 residue shown on the left in Fig. 2 B with any non-hydrogen
atom on the 30 residue on the right. These pair distances may be calculated
analytically given the C10-N.N-C10 RETO coordinates as well as the
parameters {jL,jR,nL,nR}. Alternatively, these pair distances may be ex-
pressed as a function of jL, given the RETO coordinates and the other three
parameters {jL,jR,nR}. Using the half-angle formula, the square of each
pair distance can be expressed as a quadratic equation in tan(jL/2). Enforc-
ing the condition that no atom pair between these two residues has a dis-
tance smaller than a closest approach distance dmin, the sterically allowed
domain in jL can then be determined. The intersection between this and
the feasibility domain in U calculated above yields the final sterically
allowed conformational volume U*. The backbone entropy is then defined
as S ¼ RlnU*, where R is the gas constant. In our calculations, we have
taken dmin ¼ 2.5 A˚.Biophysical Journal 106(7) 1497–1507Statistical analyses of backbone entropies from
PDB structures
In an equilibrium ensemble, the frequency of occurrence r of a particular
configuration is related to its free energy by r¼ exp(G/RT), and if entropy
was the only contribution to the free energy, G ¼ TS and r(RETO), the
frequency of occurrence of a particular C10-N.N-C10 geometry, would
be directly proportional to its backbone conformational volume, i.e., U*
f r(RETO). In practice, backbone geometries from the PDB are influenced
by not just conformational freedom, but also by other energetic factors such
as basepairing, base-stacking, or electrostatics. Therefore, one would not
expect to be able to extract backbone entropy data from folded RNA struc-
tures. Nevertheless, to assess how closely the distribution of structures
sampled from the PDB reflect the backbone entropy, we have analyzed
the RETO variables of several thousand pairs of adjacent nucleobases along
a few large RNA sequences, including the ribosomal subunits (PDB:1FFJ
(18), PDB:1FJG (19), PDB:1HR0 (20), PDB:1S72 (21)), and the Group I
intron (PDB:1X8W (22)) having high-resolution x-ray structures.Computer simulations of short RNA strands and
statistical analyses
While energetic contributions to the free energy interfere with the statistical
analyses of x-ray structures, computer simulations can be performed with
modified force fields to extract intrinsic information regarding backbone
conformational entropy. We have carried out simulations on a number of
two-nucleotide constructs flanked by two amino-acid sequences on both
Conformational Entropy of RNA Backbone 1501the 50 and 30 ends, using our LOOPSMonte Carlo (MC) simulation program
(23,24) with a modified AMBER ff94 force field (25) where all base-base
interactions have been removed and main-chain Lennard-Jones interactions
have been replaced by their purely repulsive parts. This was done to elim-
inate contaminations from other energy terms in the force field such as
base-stacking and basepairing and electrostatics as well as solvation, and
to try to isolate the intrinsic effects of steric interactions on the backbone
conformational entropy. Equilibrium ensembles of these constructs were
generated by exhaustive MC sampling. Because the LOOPSMC simulation
algorithm is able to strictly preserve bond lengths and bond angles while
carrying out large-scale loop reconfigurations, the ensemble of equilibrium
structures obtained from these simulations therefore reflects the steric inter-
ference of the main chain with itself in its influence on the intrinsic back-
bone conformational entropy of these strands.
Two-hundred-thousand statistically uncorrelated C10-N.N-C10 RETO
samples were collected from a number of long MC trajectories and were
subject to the same statistical analyses as done for the PDB structures
described in the last section. The statistical frequency of occurrences of
different combinations of RETO variables yielded estimates for the back-
bone entropic volume.RESULTS
Backbone entropy calculations and PDB
statistical analyses
For typical phosphate backbone bond lengths and angles,
the feasible domain (or domains if there are several disjoint
regions) of C10-N.N-C10 RETO variables is bounded by rFIGURE 4 Total accessible backbone conformational space volume U* for d
(r,h,q,u). The function U (r,h,q,u) is shown on four different projections frombetween 3 and ~12 A˚, h and q between 0, and p and u
between 0 and 2p. Within this covering domain, certain
combinations of {r,h,q,u} are more probable because their
associated conformational volumes U* (and hence entropy
S) are higher, whereas others may have lower probabilities
because their U* are smaller. But there are also many
RETO geometries that are impossible because there is no
solution with which chain connectivity between the two ba-
ses can be maintained with native backbone bone lengths
and angles, in which case their associated conformational
volumes U* are zero.
Fig. 4 A shows U* projected onto the r(h þ q) plane.
This projection suggests that C10-N.N-C10 RETO geome-
tries are most probable when the N.N distance r is ~10 A˚
and (h þ q) is close to p/2. However, there is also a wide
range of possible r extending up to rather large values of
12 A˚ and beyond. With increasing N.N distance r, the
most probable combination of (h þ q) appears to shift line-
arly with r such that the two virtual bond angles h and q
remain anticorrelated. This is physically reasonable because
if one C1-N.N angle is large, the other N.N-C10 angle
must be small to compensate for the main chain to be able
to maintain backbone connectivity between the two C10
atoms. When the N.N distance between the two C10-N
bonds increases, both angles have to become increasingly
acute for the main chain to be able to close. But the dataifferent C10-N.N-C10 geometries parameterized by their RETO variables
panels A–D.
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1502 Mak et al.presented below will also show that the two virtual bond
angles h and q are nonequivalent and their characters are
not completely encapsulated by their sum (h þ q).
Statistical occurrence of different C10-N.N-C10 geome-
tries collected from several thousand sequential nucleobase
pairs from the PDB are shown in Fig. 5 A on the same
r(h þ q) projection as in Fig. 4 A. To compare the fre-
quencies against the calculated entropies, a Jacobian J
must be included for the transformation from Cartesian
to RETO coordinates, which is easily shown to be J ¼
r2sin(h)sin(q). One surprise from Fig. 5 A is that the
RETO geometries from the x-ray structures seem to pre-
dominantly occupy a rather low-entropy region on the free
energy landscape. The densest region occurs at r between
4 and 5 A˚ and (hþ q) ~3.5–4. This large group of structures,
which came primarily from among the helices, dominated
the statistics in this sample, although a wide variety of other
C10-N.N-C10 geometries are also found across the entire
range of N.N distances r between 4 and 12 A˚. The values
of (h and q) were anticorrelated such that the sum (h þ q)
decreases approximately linearly with r in a manner similar
to the prediction from the mathematical solution displayed
in Fig. 4 A. The statistical analysis shows that structures
from the PDB are restricted to a rather narrow region along
the antidiagonal, whereas other regions predicted by theA
B
FIGURE 5 Statistical frequencies of occurrence of various C10-N.N-C10 RE
samples from the crystallographic database, shown on the same four projections
from Fig. 4 are shown as contour plots superimposed on them. (Darker shadin
helical structures from the database. To see this figure in color, go online.
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lated. It turns out that for chain-closure solutions on the
lower part of the r(h þ q) plane, the steric interference
of the backbone with itself precludes a large number of
backbone conformations, and this is corroborated by Monte
Carlo simulation data described below.
Fig. 6 A shows statistical occurrence of RETO geometries
derived from the MC simulations on the same r(h þ q)
projection with the modified force field described in the
last section. Clearly, when all other atomic interactions
except main-chain steric repulsions are removed from the
RNA, the statistical distribution of RETO geometries then
agree closely with the analytical entropy calculations. This
close correspondence validates our mathematical treatment.
But more importantly, the disparity between Figs. 5 A and 6
A indicates that the preponderance of backbone geometries
in folded RNAs are actually highly entropically strained,
because they tend to fold into structures that suffer either
from low backbone conformational flexibility or high steric
congestion.
Mathematical solutions for the backbone conformational
volume U projected onto other planes in the {r,h,q,u} space
are displayed in Fig. 4, B–D. Fig. 4, B and C, shows that the
two virtual bond angles h and q are nonequivalent. This is
not surprising given the directionality in the 50–30 directionD
C
TO geometries between two adjacent bases derived from several thousand
as in Fig. 4, whereas the computed conformational space volume U values
g) Higher densities. The highest density regions reflect a predominance of
AB C
D
FIGURE 6 Similar to Fig. 5, statistical frequencies of occurrence of various C10-N.N-C10 RETO geometries between two adjacent bases derived from
Monte Carlo simulations with several hundred-thousand uncorrelated samples are shown on the same four projections as in Fig. 4 with the computed confor-
mational space volume U as contour plots superimposed on them. The simulations were carried with only backbone steric interactions turned on and bond
lengths and bond angles preserved reflecting the rotameric nature of the backbone. To see this figure in color, go online.
Conformational Entropy of RNA Backbone 1503along the phosphate backbone. Again, statistical analyses of
the RETO geometries from the MC simulations displayed in
Fig. 6, B–D, show close agreement with the mathematical
predictions similar to what was seen in Fig. 6 A, whereas
the RETO geometries from the PDB in Fig. 6, B–D, show
that the actual geometries found in the x-ray structures are
usually not entropically flavored.
Finally, particularly interesting is the projection of the
backbone conformation volume U onto the r-u plane shown
in Fig. 4 D. For short N.N distances r, the C10-N.N-C10
virtual torsion angle tends to avoid the region in the neigh-
borhood of p. This is because, when the C10-N bond of the
50 nucleobase is pointed in an opposite direction from the
C10-N bond of the 30 nucleobase relative to the N.N
axis, the backbone is often unable to maintain chain connec-
tivity when the two ribose rings are directed away from each
other. The statistical analysis of MC structures shown in
Fig. 6 D corroborates the mathematical predictions.Variations in backbone entropies along folded
RNA sequences
With the mathematical solution for the accessible backbone
conformation space volume as a function of the C10-N.N-
C10 RETO geometry between sequential pairs of nucleo-bases, we have analyzed the contribution of the backbone
entropy to the overall free energy of several large RNAs
using their x-ray structures. For each one, we computed
the backbone entropy along the sequence within the native
tertiary fold. These individual per-residue contributions to
the entropy between adjacent bases are plotted in Fig. 7
for several molecules along their sequences. Included in
this analysis were the TPP (PDB:3D2V) (26,27), SAM-I
(PDB:3IQR) (28), and M-box (PDB:3PDR) (29) ribos-
witches, ribonuclease P (PDB:1NBS) (30), and the large
ribosomal subunit (PDB:1FFK) (18). Entropy values S ¼
RlnU* in Fig. 7 are given in units of the gas constant R.
With these, the contribution of the backbone entropy S to
the total free energy G can then be determined according
to G ¼ TS.
Fig. 7 shows that except for a few outliers, the majority
of the backbone entropies between adjacent bases in each
molecule are close to the mean of ~1.1 R per nucleotide
(nt) (indicated by the red dashed lines in Fig. 7). This nom-
inal value is remarkably consistent across all structures. But
within each sequence, there are also nucleotides that have
distinctively higher values as well as others that have
distinctively lower S values than the nominal value of 1.1
R. These high and low outliers appear to be localized and
have no apparent proximity correlations with each other.Biophysical Journal 106(7) 1497–1507
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FIGURE 7 Per-nucleotide (nt) backbone entropies in units of the gas constant R computed along the sequence of several RNA tertiary structures from the
PDB: (A) TPP riboswitch; (B) SAM-I riboswitch; (C) M-box riboswitch; (D) ribonuclease P; and (E) the large ribosomal subunit. To see this figure in color,
go online.
1504 Mak et al.Overall, the high-S outliers in each sequence generally
outnumber the low-S outliers. This is especially clear for
the large ribosomal subunit in Fig. 7 E. But the low-S out-
liers also appear to have negative deviations from the nom-
inal value that are often deeper than the positive deviations
seen for the high-S outliers.DISCUSSION
The per-nucleotide backbone entropy has two opposing
contributing factors: The intrinsic backbone torsion angle
conformation volume U reflects the main-chain torsional
flexibility of each nucleotide, and the steric collisions
among main-chain atoms within that nucleotide reduce the
accessible volume to U*. These two factors may be deter-
mined separately by computing the entropy with and
without collisions. Fig. 8 A shows the same per-nucleotide
entropy data of the M-box riboswitch (PDB:3PDR) in
Fig. 7 C as the solid line, together with the entropy
computed without steric collisions as the dashed line.
Fig. 8 A clearly shows that the collision-free entropy, as ex-
pected, is an upper bound to the true entropy. The average
value of the collision-free entropy over the entire sequenceBiophysical Journal 106(7) 1497–1507is ~ 2.3 R. Comparing this to the nominal value of 1.1 R
in the actual entropy found in the last section, one can
conclude that as an RNA molecule folds into its compact
tertiary structure, the entropic penalty it sustains from steric
congestion corresponds to an average of ~1.2 R per nucleo-
tide. At room temperature, this produces a free energy pen-
alty of ~0.72 kcal/mol/nt. For the M-box riboswitch which
has 161 nucleotides, this corresponds to almost 115 kcal/
mol. These steric effects are not unique to the M-box ribos-
witch. An analysis of the collision-free entropies in all the
other RNAs we have studied reveals steric penalties of
similar magnitude, which could be quite significant for
medium- to large-sized RNAs.
Another notable feature of the collision-free entropies
from Fig. 8 A (dashed line) is that except for a number of
isolated nucleotides, the folding of the M-box riboswitch
does not seem to significantly constrict the overall torsional
conformation flexibility of the majority of the chain. Our
calculation reveals that an unfolded RNA has typical colli-
sion-free backbone entropies between 2.3 and 3.0 R/nt,
and the folding of the RNA backbone into a compact tertiary
structure apparently does not incur nearly as much entropic
penalty from the loss of torsional flexibility in comparison
AB
FIGURE 8 Per-nucleotide (nt) backbone entropies in units of the gas
constant R computed along the sequence of chain X (A) and chain A (B)
in the crystal structure of the M-box riboswitch. (Solid lines) Actual entropy
value as in Fig. 7. (Dashed lines) Entropies computed without sterics.
Conformational Entropy of RNA Backbone 1505to steric congestion. Again, this observation is true not only
for the M-box riboswitch but seems to also apply to all the
other RNAs we have investigated.FIGURE 9 Stereograms showing crystal structures of (A) M-box riboswitch, c
riboswitch. (Red) Highly conformationally strained residues. (Yellow) Residues wFig. 8 A also reveals that a small number of residues on
the M-box seem to have lost very significant torsional
conformation flexibility, indicated by the large negative
drops in their collision-free entropies (dashed line). The
actual entropies (solid line) for the same residues are also
low, and these nucleotides are conformationally highly
strained. However, a number of nucleotides also exist for
which collision-free entropies (dashed line) are not too
low, but whose actual entropies (solid line) are significantly
lower. These are the residues that suffer unusually large
steric stress.
To examine whether these conformationally strained or
sterically stressed residues have any correlation with where
they are on the sequence, we locate them on the x-ray struc-
ture of the M-box riboswitch in Fig. 9 A using a color code.
The structure of the M-box is shown in a stereogram in
Fig. 9 A, with the conformational strained residues shown
in red, and the sterically stressed residues in yellow. In
addition, Fig. 8 A suggests that a number of residues have
distinctly high entropies (solid line) because they have nom-
inal collision-free entropies (dashed line) but apparently
suffer little or no steric stress in the folded structure. These
residues are colored blue in Fig. 9 A. Cocrystalized manga-
nese ions are also shown in purple.
The M-box riboswitch is responsible for metalloregu-
lation of bacterial metal transport genes (29). The M-box
riboswitch is a magnesium-ion binder. In the x-ray structure,
it was crystalized with a number of manganese ions in
a dimer. The structure shown in Fig. 9 A is chain X. Thehain X; (B) M-box riboswitch, chain A; (C) TPP riboswitch; and (D) SAM-I
ith large steric stress. (Blue) Residues with high-entropy outlier nucleotides.
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denoted M1–M6. In addition to this, several putative ion
binding sites M7–M9 were reported in Mn2þ-bound com-
plexes of the M-box. Fig. 9 A shows that the M-box is char-
acterized by a number of conformationally strained (red)
and sterically stressed (yellow) positions along its backbone.
But correlating these to their locations in the tertiary struc-
ture reveals that the majority of them are associated with
the various metal binding sites. The residues at 20–21 and
99–100 are some of the lowest entropy sites. Together
with the high sterically stressed residue at 68–69, they corre-
spond to the L4-L5-P1 tertiary interaction region where the
M1–M4 Mg2þ binding sites are situated. In addition to this,
high sterically stressed positions 59–60 correspond to the
M5 binding site, which interacts with the putative M8 bind-
ing site on residues 88–89 through a triple base-stacking
interaction between them. Other high-strain positions
include residues 126–127, which correspond to a tight
turn between P3 and P6, as well as residues 154–155 where
a P2 bulge-P5 tertiary interaction occurs. Low-entropy
signatures at binding sites M6 and M9 are not observed.
However, the highest-entropy outlier nucleotides (colored
blue) are found predominantly on the outside of the folded
structure, although exceptions do seem to exist where they
are not fully exposed to solvent.
Fig. 9 A suggests that the conformationally strained and
sterically stressed residues are all associated with known
ion binding sites in the M-box. There are at least two
possible reasons for this:
1. Bound Mn ions may perturb the backbone conformation
to significantly distort it, producing unusually tight con-
formations and especially high steric stress. Although
this is possible, there are actually some high strain sites
that are not near any cocrystalized Mn ions. Most
prominently, the tertiary interaction platform in the P2
bulge-P5 region does not involve a bound ion. Hence,
although ions may produce perturbations, they may not
be the cause of the entropic stress.
2. As evidence from the other RNAs we have studied sug-
gest, a second reason is more plausible. We propose that
highly conformationally strained or sterically stressed
regions are required for establishing the tertiary interac-
tions and/or unusual backbone conformations that enable
the RNA to achieve its tertiary fold. Therefore, instead
of the highly entropically strained regions being a result
of the ion binding, they are there to facilitate the struc-
tural building blocks for the molecule to produce its
ion binding sites within the target tertiary structure.
This will be made clearer below when we examine other
riboswitches where ion binding is not their significant
function. In these other molecules and in the M-box,
highly conformationally strained or sterically stressed
sites are predominantly associated with unusual tertiary
interactions.Biophysical Journal 106(7) 1497–1507The M-box is crystalized in a dimer. The other chain, A,
is shown in Fig. 9 B with the corresponding per-nucleotide
entropies in Fig. 8 B. Note that there are minor variations
between the two structures and the numbers of cocrystalized
Mn ions are different in chain X and chain A, but the overall
positions of the entropically strained nucleotides remain
largely the same. This corroborates our suggestion that these
residues are entropically strained to produce the target ter-
tiary structure, which is the same for both chains, whereas
variations in the number of ions bound do not significantly
alter the locations of these strained sites.
We then examine the correlations between per-nucleotide
backbone entropy and structure for the other two riboswitches
in Fig. 9. Fig. 9 C shows the aptamer domain of the TPP
riboswitch (PDB:3D2V), which is a 77-nt RNA with a
three-way junction architecture (26,27). Two different
stem-bulge-stem combinations, the pyrophosphate sensor
and the pyrimidine sensor helices, recognize different ends
of its ligand, the vitamin B1 molecule. Fig. 7 shows that the
lowest entropy positions along the sequence are associated
with the J2/3 loop inside the switch region between the pyro-
phosphate and pyrimidine sensing helices at residues 40–42.
The next lowest entropy positions are 16–17 where the P3
loop in the pyrimidine sensor helix is situated. The high
sterical strain positions are at residues 33–34, 47–48, and
64–66, which are all near the TPP binding platform. A
number of especially high-stress residues at positions 55–
59 are also associated with the L5 loop in the pyrophosphate
sensor where it docks to the pyrimidine sensor P3 stem. For
this structure, all the high-entropy outliers are on the surface.
Fig. 9 D shows the structure of the SAM-I riboswitch
(PDB:3IQR), which is a 94-nt RNA with several unusual
motifs, including a pseudoknot interaction region bounded
by a base triple as well as a kink turn (28). There are several
high-strain positions on the sequence. They are all associated
with either the base triple encapsulating the pseudoknot inter-
actions between residues 24–28 and 64–68 or with two of the
terminal loops: residues 73–74 at L4 and 50–51 at L3.
SHAPE reactivity analysis (31,32) has recently become
one of the most common chemical probing techniques for
determining RNA secondary structures. SHAPE sensitiv-
ities are often ascribed to non-basepaired loop regions in
the structure, and possible correlations between these re-
gions on the sequence and their conformational entropies
have therefore been suggested. Although our studies show
that the high-entropy, low-stress regions are predominantly
on the surface of the folded structure, further studies are
needed to completely ascertain their relationships. Further-
more, the conformations of loops involve multinucleotide
entropic effects that are not the focus of this article, but
work is underway in the development of our theory to
examine loop entropies and the conformational entropy of
secondary structural motifs such as bulges and multiway
junctions. In these contexts, our goal is to use our theory
as a platform to develop a more rigorous treatment for
Conformational Entropy of RNA Backbone 1507secondary structural elements, which will form the basis for
formulations of improved secondary structure or tertiary
structure predictions in the near future.
To summarize our findings, we have formulated a mathe-
matical treatment to calculate the per-nucleotide backbone
entropy of RNAs. Applying this to a number of medium
to large RNAs from the crystallographic database reveals
some consistent albeit somewhat unexpected results:
1. Regardless of the size or complexity of the structures,
every molecule appears to have similar nominal per-
nucleotide entropy.
2. Regardless of the size of the molecule and the
complexity of its final fold, we did not observe substan-
tial or pervasive straining of the backbones. Instead,
strains appear to be highly localized and distributed
among isolated residues along the sequence. Further-
more, the overall average strain inherent in any tertiary
fold appears to produce a free energy penalty of
~0.72 kcal/mol/nt and this is also remarkably consistent
across all structures regardless of the complexity of their
tertiary structures.
3. The high-strain positions along the backbone can be
unambiguously correlated with some of the less com-
mon structural motifs found in the sequence that are
frequently associated with unusual tertiary interaction
platforms or tight turns.This material is based upon work supported by the National Science Foun-
dation under grant No. CHE-0713981.REFERENCES
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